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Abstract Pon;pe disease or glycogen storage disease 
type I! (OM1M 232300) is a metabolic myopathy with a 
bro^d cJinic.il spectrum. Generalised muscle weakness 
combined with canJiwncj&nly presents within the first 3 
month* after birth, if the lysosomal t^glucosidase 
(AGLU) de.Gciency is complete. Residual enzyme activ- 
ity prevents cardiac involvement and delays onset of 
muscle wcAknC5S. Eo7.ymc therapy, by intravenous ad» 
ministration of acid AGLU, aims to supplement the 
missing entymc activity. At the SHS symposium on 
Glycogen Storage Diseases Type t and II, in Fulda, two 
interim accounts were given of studies on the efficacy of 
tniymc therapy for Pompe disease; one with rccorabi- 
nam human add AGLU produced in Chinese hamster 
ovary cells and the other with the same etuyme pro- 
duced in the tnilk of transgenic rabbits. Conclusion: this 
review focuses on the latter study, discusses the scien- 
tific, technological and commercial aspects bf the 
enterprise, and addresses the prospects and challenges 
of enzyine therapy for Pompe disease. 

Keywords Acid walLue deficiency • Enzyme therapy • 
Glycogenosis • Lysosomal storage disease • Transgcnc 
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Enzyme therapy in historic partpectfre 

Over the past 35 years we have learned what it takes to 
bring enzyme therapy for lysosomal storage disorders 
Into practice. Tbe concept of enzyme therapy is built on 
the key function oflysosomes in cell and tissue renewal. 
Macromolecular compounds, even whole cell organelles 
like mitochondria, are recycled by the lysosomal system 
(Fig. 1). Materials derived from the intracellular spare 
are sequestered by membranes and delivered through 
fusion of newly formed autophagic vacuoles with lyso- 
snmes. Hxtra-ceilular materials arc taken up by bulk or 
receptor mediated undocytosis and are delivered by fu- 
sion of endosomes with Jysosomcs. Once inside lyso- 
somes, the material is degraded by one or a combination 
of several lysosomal hydrolases. Some of these hydro- 
lases are assisted by activator proteins [23]. 

The role of lysosomes in cellular pathology became 
evident in 1963 with the discovery of acid a-glucosid'ii* 
(AGLU) deficiency as primary defect in Pompe disuse 
or glycogen storage disease type II (13). Knowing the 
function of Jysosomcs, it wai envisaged that patienta 
with lysosomal storage disorders could be treated by 
administration of the missing enzyme that would find 
its way to the lysosornes vii endocytosis (Fig. J) [9]. 
Expectations were high and regulations concerning the 
performance of clinical studies were less strict in those 
days than they aTe at present, Tbe first attempt at 
enzyme therapy dates from 1964 and involved treat- 
ment of a patient with Pompc disease with acid AGLU 
from the fungus Aspergillus tiiger [5J. Similar expert 
meats followed using enzyme preparations from vari- 
ous other sources [30], A slight increase of acid AGLU 
activity in liver was obtained in some of these studies 
upon intravenous infusion [19], but not in muscle. 
Reduction of liver lysosomal glycogen only was 
obtained with high enzyme doses over long periods 
of time. In all instances. lack of ultimate effect and 
occurrence of serious side-eflccts terminated the treat- 
ment. 



In ihc period 1065-1980, numerous reports were 
published About 'enzyme replacement therapy in several 
of the lysosomal storage diseases, but most results were 
kisically nepiiivc [30]. Some important facts became 
evident. Enzyme preparations from non-human sources 
arc antigenic. The blood brain barrier cannot be crossed, 
so that patients with central nervous system involvement 
cannot be treated for mental and motor dysfunction. 




llg, ). Iw.yrnc rcplaetrnwii tbcrapy in lysosomal storage distasw. 
Newly jynlhrtiscd lysosomal uuymci cMcr she lumco of the 
endoplasmic reuculuro ctMranslatioually. 'ftey arc jlycosylaicd, 
folded, and equipped with the Mftp recognition marser as 
llftosom.i! labeling tipial (route 1). In ride lyiojomcf, they catalyse 
ihft diflcsiioit of biologici) crnipoaiuh that are delivered by 
tr.Jocyioto (euniCdlMar) (tome 7) aud auiophoyy (intracellular) 
(f^ulf J). Inherited deficiency of lysosomal enzymes leads to 
lysosomal stornge diseiacs. Lysosomal enzvroca adminiitered to 
cclk ore mien op via bulk (inrftctfrif) ami receptor mediated 
(eflit'ieni) eodocyUisis and aic delivered to ;he lyxoiomci where 
• they can supplewirot the -ruining enzyme. {F enzymes, 
ftndoplasrjic reticulum) 
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Advanced technology is required lo secure substantial 
enzyme supplies over long periods. Around I9B0, the 
focus shifted from enzyme therapy to bone marrow 
transplantation (15), 

A few people pursued the original concept and gave 
enzyme therapy a second and better chaoce by applying 
newly acquired knowledge on receptor mediated endo- 
cytosis. Ashwcil and Morell [2) were among the pioneers 
to demonstrate the role of ihc asiaioglycoprotrin recep- 
tor (galactose) in uptake of glycoproteins by hepalocytes. 
The mannose receptor was shown to facilitate uptake of 
proteins with mannose-terrni Dating carbohydrate side 
chains by Kupffcr cells and macrophages of spleen and 
bone marrow [29], and fibroblasts were found to ex- 
change lysosomal pTOteins via the nianuose 6-pho*pbatc 
(M6P) receptor (14, 21). Brady and his group [3] were the 
first to demonstrate the potential of receptor mediated 
eraymc therapy for lysosomal storage disease iu a patient 
with Gaucher disease, The grucocerebrosidase used in the 
study was purified from human placental tissue. The 
complex carbohydrate side chains were trimmed by se- 
quential action of neuraminidase, galaciosidase and 
K-acecyl-phicosaminidase in order to expose mannose 
residues and thereby target the enzyme to Kupffer cells 
and macrophages in spleen and boue marrow; the major 
sites ofiysosoraal glycol ipid storage in Gaudier disease. 
The study turned out successful enough to convince sci- 
entists, patiems and industry of the feasibility of receptor 
mediated eruyme therapy for Gaucher disease [4J. 



Eruytno therapy for fanpe disuse 

We have worked along parallel lines Id investigate ihc 
feasibility of receptor mediated enzyme therapy for 
Pompc disease. Table | lists the critical events by date. 
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'Flic target tissues in Pompe disease arc muscle and 
heart. Patients have the same acid AGLU deficiency in 
all tissues, hui the lysosomal glycogen accumubiion and 
the symptomatology are largely restricted to skeletal 
muscle when the residual enzyme activity is 5 Vi -25% of 
the ncrm:il range. Al lower activity levels, heart and 
other tissues become increasingly involved. There is 
typically a clinical spectrum from early onset very severe 
lo laic ooset mild disease. Aflected infants have car- 
diomcgaly around birth. They present 3S floppy babies 
and die usually before 1 year of age due to cardiore- 
spiintory failure. Onset of symptoms is delayed, and 
ardiomcgaly prevented by low levels of residual AGLU 
activity. In extreme rases, the skeletal muscle weakness 
may remain obscure until the sixth decade (27]. 

Our initial studies on the feasibility of enzyme re- 
placement tfciapy for Pompe disease were directed 
towards establishing the presence of M6P receptors ou 
cauliomyocytes and skclcul muscle cells and testing 
whether lh«c could be employed lo facilitate upiake of 
acid AGLU (26). To this end, muscle biopsies of pa- 
tients were dissociated with collagcnase and trypsin, 
DAd myoblasts (satellite cells) were taken into culture. 
It turned out no problem to correct the lysosomal 
glycogen storage in Ihcse cells by addition of M6P- 
containing acid AGLU to the culture medium [32, 33, 
34). Herewith, the first requirements were fulfilled, but 
ibe experimental set-up does not mimic the reality in 
detail. When enzyme therapy is performed via intra- 
venous infusion, Ihc muscle alls do not come into di* 
tect coutact with the enzyme like they do in tissue 
culture. The endothelial barrier of the capillaries needs 
lo be crossed and the interstitial connective tissue 
(oodoniysjuni) needs to be passed, In this respect, the 
utualion in Pompe disease is far different from that in 
Gaucher disease where there are no barriers between 
the Kupfler cells and the enzyme in the circulating 
blood. In Fabry dtsc;is« the situation also is favourable 
compared to PnropC disease because the endothelial 
cell* ore a primary target. Nevertheless, wc did obtain 
uptake of acid AGLU in muscle and heart of mice 
after intravenous administration of MoT-containing 
AGLU from bovme testis, The uptake of AGLU 
without M6P was less [35], 



Tochaicjd ctifatge* and foundry 

It took another 8 years before the first clinical trial of 
enzyme therapy in Pompe disease started. The time was 
spent on the development of technology to produce 
therapeutic jjrade recombinant human AGLU on a large 
scale, Therapy for Gaucher disease started with the he- 
roic action of Genzyme Corporation (Boston, USA) to 
produce tailor-made rJucocxrcbrosidase from tons of 
human placentas, The investment paid off for al) parlies. 
Tatients witii non-neurological forms of Gaucher disease 
(type 1) obtained an r-ireclive medicine {12]. Scientists 
were pleased because their ideas were realised. The 



company had shown its strength by bringing a new drug 
on the market and obtained returns, 

The Orphan Drug Legislation, lending certain 
attractive rights to companies marketing medicines for 
rare diseases, has played an important role in this 
development. The past 5 years have shown conceited 
action of scientists, patients, industry and investors to 
be a golden formula for developing enzyme therapy for 
lysosomal storage diseases. Belief in enzyme therapy has 
returned. More importantly, (be first reports confirming 
cflicacy have appeared and clinical trials are ongoing 
for at least four of the lysosomal storage diseases [1, 10, 
20, 28, 31]. In ail instances, the protocols are directed lo 
receptor-mediated tissue targeting, and recombinant 
DNA technology is applied for controlled large-scale 
enzyme production. The investment climate is excellent, 
The market seems profitable enough to have several 
companies competing for the same product Both TKT 
(Bosion, USA) and Genzyme Corporation have laun- 
ched enzyme therapy for Fabry disease. Four conma- 
nies are presently engaged in the development of 
enzyme therapy for Pompe disease. Gtnzyoc/Pharnv 
ing/Synpac as conglomerate and Novazyme (Oklahoma 
City, USA) as newcomer on the lysosomal disease 
market, As of August 2001, Genzyme and Novajyme 
have merged. 

Back in 1991 (here was no company strong and ex- 
perienced enough to take up the challenge of producing 
recombinant acid AGLU for the treatment of Pompe 
disease, but research continued. Two Chinese hamster 
ovary (CHO) cell lines expressing high levels of recom- 
binant enzyme were produced in university centos using 
the same AGLU cDNA but different vector systems [11, 
30). Using our CHO ceil line, we produced a sufficient 
amount of enzyme to deliver proor of the principle of 
cuzyme therapy in a mouse model of Pompe disease [7], 
Simultaneously, therapeutic effect was shown in Japa- 
nese quails with the disease using the other CHO cell line 
[22], Meanwhile, a completely different technology 
emerged which involved the production of medicines in 
the milk of transgenic animals [J 8). Gxmomic DMA 
consiructs art typically used in this production process 
in contrast to cDNA constructs employed in CHO cells 
(Fig. 2), The acid AGLU gene is linked to the promoter 
region of the bovine a S i-cJisem gene that promotes high 
level expression in epithelial celU of the mammary glamt 
The construct is introduced iu the animals' genome by 
injection into the pronucleus of fertilised oocytes.. Em- 
bryos are implanted in foster mothers and a line of 
transgenic animals is obtained by gcrmlme ixaimalssion. 
TTie enzyme is harvested from the milk. Both production 
systems require downstream processing. The ncombi- 
nant human acid AGLU from either milk or CHO cell 
media needs to undergo several rounds of purification 
before it can be admmistcred intravenously to patients. 
The end products from CHO cells and milk are very 
similar in molecular mass (110 kD), and kinetic prop- 
crties [7, 11, 36). The carbohydrate composition may 
vary slightly depending on the enzyme source. 
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}\ 2. lUccmhinant human 
AOI.U from rabbit niilk. The 
human sud AGlV&m is ford 
in 6.3 Vb of the bovine eiji* 
iMttin promoter ami as such 
injured in the nronucta of 
fertilised nvbbit oocyte lo £cn- 
eiatc transgenic found rrn. A 
uan^'.mV. line is obtained by 
br ceiling f-'nuaks produce 
raiombiiunl human ejttyine in 
the manitiMry ghi\d during 
lju:t.ilio« uwrj nxrctc tfic picrf- 
iiel in Dieir tnilk. The emyiite is 
exuauird from the milk in 
several purification tlcps : t nd 
adimiwieint intrpvciicnuly ta 
the patients 
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Recombinant acid AOLU front CHO cells and mouse 
milk, both produced in our own laboratory, arc equally 
efficiently taken up by cultured fibroblasts of patients 
with Pompo rlfctase via the M6P receptor. However, the 
si) me rn/yme from rabbit milk is taken up Jess efficiently 
by cultmed fibroblasts. Interestingly, the uptake of the 
two enzymes by the target riuues of mice is not consis- 
tently different (unpublished results). More extensive 
studies ore needed to verify these initial findings, 
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Recombinant human acid AGLU from both sources 
were finally tested in Uie clinic (Table 1). Dr Chen of 
Duke University, North Carolina, USA reported at the 
SIIS symposium in Fulda (he results of his study with 
CHO enzyme. We have summarised below the design 
and outcome of our study in which the eruyme from 
rabbit rnilk was used (3 1 J. 



Sludy design and outcome 

Tin aim of tbe siudy was to tesi safety and efficacy of 
recombinant human AGLU fjom rabbit milk in patients 
with the sevtrc infantile form of Pompe disease, For 
inclusion, patients had lo have the combination of 
generalised muscle weakness, cardiomcgaly. acid AGLU 
drnciency and glycogen storage in skeletal muscle. 
Patients older than 10 months and iho* who were 
depended on artificial ventilation were excluded. Four 
patients were included: two with un advanced statje of 



disease (7 and 8 months old), and two younger patients 
who were in significantly better condition at inclusion 
(2.5 and 3 months old). The two oldex patients were 
practically immobile at the time of inclusion. They re- 
quired supplemental oxygen and bad signs of cardiac 
instability. One of them became respirator dependent 
directly after inclusion before the start of treatment. The 
other patient became Ventilator dependent after 10 
weeks of treatment during a bout or pneumonia, One of 
the younger patient* had signs of cardiac decompensa- 
tion and respiratory distress at birth and was fed by 
nasogastric tube.- Toe fourth patient was diagnosed at 
birth when he showed cardiomegaly on a chest X-ray 
film that was taken for disease unrelated indication. 
Both younger patients manifested axial hypotonia, bead 
lag and slipping through. 

The recombinant human AGLU from rabbit milk 
was administered intra vt nous ly in a weekly dose of 15- 
2D mg/kg (at start of treatment) to 40 mg/kg (at present) 
and is generally well tolerated. Transient reactions art 
seen sometimes during infusion, such as fever, malaise, 
erythematous rash, sweating, flushing and tachycardia. 
All are manageable without medication/ After 12 weeks 
of treatment with the low dose, the add AGLU activity 
in muscle had increased from I%-2% of norma) (before 
treatment) lo J2%-28%, the levels typically measured in 
lalc-onset Pompe disease. During the 12 following weeks 
with high dose, the activity increased to normal levels. 
After 36 weeks of treatment, we observed improvement 
in muscle morphology in the younger patient who was in 
the best condition at the sun of treatment, Muscle tissue 
sections stained less intense for glycogen (PAS staining) 
and muscle fibres appeared less damaged. Similarly clear 
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changes were at ihnt lime not yet evident in muscle bi- 
opsies of the: otliti three patients. 

Cardiac changes were monitored by ultrasound. The 
left ventricular mass index of ad patients, exceeding 
approximately three times normal at inclusion, do 
creased after Stan of treatment (up to 25% of baseline 
for one of (he patients). Signs of cardiac instability dis- 
appeared \ti all cases, 

AD patients gained strength over the first 36 weeks of 
treatment. They lea/ncd to play with toys. The two 
younger patients reform belter than the two older ones. 
One of the younger patients learned to lift her legs from 
the surface and touch her feet whilst playing. At present 
she can sit independently. The other, with the best con- 
dition at start of trwfmcnl, has learned lo sit 3nd crawl at 
9.5 months of age. At 12 months he could creep and 
stand with support of one arm and he could walk at 16 
months. Importantly, all patients have well passed the 
age of 1 year which is more than the average Jife expec- 
tancy of patients with infantile Pompe disease. All four 
patients receive continuous treatment to evaluate the 
long-tcim effect of enzyme replacement therapy on mo- 
tor and mcutnl development and overall quality of life. 



Results of two trials 

Comparing the studies with recombinant human AC7IU 
from rabbit milk and CHO cells, ihere ore differences 
and similarities in outcome. One patient in each study 
usponds vciy well. The patient treated with rabbit milk 
enzyme had a characteristic cordiomcgaly at birth. The 
patient tics led with C110 enzyme had a normal baseline 
cardiac evaluation with a left ventricular mass at two 
standard deviations above the norm (close to the P98) 
when treatment was started at 3 months after birth. 
Obviously, we arc confronted with clinical diversity 
preventing in part the comparison of data. Further, dose 
level and infusion frequencies were different in the two 
trials. A second pauVut in the study with rabbit milk 
euzyme responds well in that she has acquired the ability 
to roll over imd sit and has remained ventilator inde- 
pendent over the first 72 weeks. The patient is homo- 
zygote for the <!eltaT525 mutation and does not produce 
endogenous acid AGLU. Her progress demonstrates 
that a cross- reactive immunological material (CRIM) 
negative status is not a priori inhibitory for successful 
treatment. In contrast, the two CRIM negative patients 
in the trial with CHO enzyme were said to respond ini- 
tially well to the treatment, but their condition declined 
when hlfjh antibody litres developed against the re- 
combinant enzyme. The other patients in both trials are 
CRIM positive to some extent. The difference in ami- 
body response is iriuUi-interpretabte. First of all. the 
enzyme preparations used are probably not identical 
with resect to precise molecular structure, notably the 
carbohydrate composition. Second, the two prepare 
lions may contain various type.-; and degrees of impuri- 
ties and are formulated differently, This may affect their 



iinmunogcnicity. Moreover, the dosing repmen was 
different at the two lest sites. All these factors, separate 
or together, may explain why CKJM negative patients 
respond differently lo the two enzyme preparations. 



Prospects and chaucaces 

The positive effects of enzyme therapy for Pompc disease 
are too strong to deny, For the benefit of patieub, en- 
zyme therapy ought to be "brought to the market. It re- 
quires a Phase III trial to deliver final proof of 
therapeutic effect. The current pilot studies with ubbit 
mitV and CHO enzyme indicate that quick, find con- 
vincing results can be obtained by extension of studies in 
patients with the infantile form of Pompe disease; but, at 
the same time, it seems inevitable ihal nol all included 
patients will respond equally well. The problem can in 
part be managed by careful definition of inclusion and 
exclusion criteria and proper dosing. A second challenge 
is 10 prove efficacy of enzyme therapy in late onset 
Pompc disease. The milder affected patients live longer 
and are couu'nuousily confronted with loss of quality of 
life. It is essential for them to implement therapy at the 
earliest possible moment in order to prevent irreversible 
damagt of muscle function. In theory, it is easier to 
correct the enzyme deficiency in late onset than in early 
onset disease because the residual AGHJ activity is 
sicnificanlly higher in the former than in the latter 
condition. On the other hand, it has to be awaited 
whether adult muscle tissue is equally accessible for the 
enzyme and equally reparable as growing muscle of in- 
fants. 

As it stands, the prospects of enzyme therapy for 
Pompe disease are good, but hurdle itill need to be 
overcome. In April 2000, Genzyme-Phuming LLC an- 
nounced the discontinued development of enzyme re- 
placement therapy with recombinant human AGLU 
from rabbit milk. The companies stated that they be- 
lieved production in CHO cells to be quicker, A new 
study with enzyme from CHO cells was started to May 
2001. All together, that is more than 35 yean after thr 
first trials were undertaken. Patients, investigators and 
companies arc eagerly awaiting the outcome. 

Ad-MvMgtnats Thaok; to the DAUeutt and Uat pa lies t a*xi- 
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lyme ihtrapy for Pompe disease, Wc art rodebfad to our 
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Srwt support. Ruud Xoppenol and Tom Tk Vria-Untich pre- 
pared the illustrations. Studio wot 6aimxd in p*rt by TV Ptioaa 
Beatrix Fondi, The Sophia FoundauoA ofMaJicaJ lUaearch, The 
Aswaaiion or Glycogen Storage Diaeaaei (UK), and the ^ad 
Matiate Deficiency Assnclaliofj, 
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